Abstract
Introduction
The problem of locating fire stations in an efficient manner is a type of emergency facility location problems. It has attracted much attention since public safety becomes more and more important during last several decades. Locating fire stations usually involves some different and even conflicting objectives. For example, the fire engines in Beijing are assumed to arrive at the accident spot within about five minutes. This requires much more fire stations to cover the urban areas. However, it certainly goes beyond the annual budget approved by the government and a compromise should be made. Generally speaking, as suggested by Tzeng and Chen [10] , an efficient location of fire stations should well address the following issues: (a) it can shorten the distance between fire stations and accident spots so as to improve emergency response efficiency; (b) it can reduce the overlap of service region so as to improve the resource utility; and (c) it can estimate the reasonable number of fire stations in a given area considering a trade-off between the loss of accidents and the setup and operating costs of fire stations.
Recently, quite some methods and techniques have been developed for the fire station location problem as well as the emergency facility location problems. For example, Badri et al. [2] presented a multi-objective model to determine the locations of fire stations considering 11 technical and political objectives. Araz et al. [1] took into account as well the population served by a single fire station and the population with backup coverage. Tzeng and Chen [10] presented a multi-objective model to determine the optimal number of fire stations at an international airport and their sites. Yang et al. [12] suggested a fuzzy decision making model where the fire stations were classified into several categories. Chevalier et al. [5] developed a decision support system based on a multi-scale geography information system, where the users may set locations, equipment allocations, staffing, response times, cost/efficiency trade-off, etc. Besides, some methods for emergency facility location problems have also been proposed for different situations in the literature (see, e.g., [3, 4, 11, 13] ).
In this paper, a goal programming model is presented for the fire station location problem in the uncertain environment considering service quality, setup costs, and operating costs. The service quality is measured by the coverage area of fire stations within a predetermined safe distance and the average traveling time. The setup and operating costs are mainly constrained by the limited budget. According to the decision criteria, an uncertain chance-constrained programming model is developed with predetermined confidence levels as the appropriate safety margin set by the decision-maker.
The rest of this paper is organized as follows. The problem description and notations are given in Section 2. Four objectives concerned are introduced in Section 3. In order to model this type of problems with uncertain variables, an uncertain goal programming is formulated and transformed into its deterministic counterpart in Section 4. A numerical example is presented in Section 5 for illustration.
Problem description and notations
Usually, the most important decision in the fire station location problem is how many fire stations to have, and where to build them. On the one hand, to improve the public safety, a sufficient amount of fire stations should be built. On the other hand, we also cannot ignore the cost of building and operating these fire stations. Therefore, they should be located in the most effective way that makes an appropriate trade-off between the service quality and the budget.
In this paper, four objectives are concerned to develop a multi-objective goal programming model in the uncertain environment. These objectives are (1) guaranteeing the safe distance (to meet the safety requirement); (2) minimizing the annual operating costs (to reduce the economical burden); (3) minimizing the deviation of fixed costs (to make full use of the budget to improve public safety as possible); (4) minimizing the average traveling time (to improve the overall service quality level). 
Objectives
In general, when an accident occurs, the nearest fire station is assumed to response as soon as possible. To guarantee that each demand site can be served properly, it requires that the distance between each demand site and its nearest fire station is roughly within a safe distance, say, , which is usually suggested by various related regulations. Mathematically, it can be formulated as max
where max  min {|  }    is the largest distance among all pairs of demand sites and their nearest fire stations, and    and    are negative and positive deviations from , respectively. Note that
To guarantee the emergent response performance,    is to be minimized. However, the real world situations are much more complicated. The emergent response performance depends on not only the distance but also the traffic condition, the traveling time, the capacity of fire stations, the severity of the accident, and some other unexpected situations. In this paper, we simply consider the average traveling time over all pairs of fire stations and demand sites as an index of the overall service quality by which it means to minimize
It should be noted that in practice the traveling time can hardly be explicitly determined or even statistically estimated. Hence, the traveling time    is assumed to be an uncertain variable in the sense of Liu [6] . Consequently, the average traveling time     is also an uncertain variable. Thus minimizing     may not be understood in the usual sense. In this case, we can handle it in the framework of uncertainty theory by minimizing the -optimistic value of     , i.e.,
where  is the predetermined confidence level. Note that the -optimistic value    ≥ 0 due to the nonnegativity of    and   ,  = 1, 2, ⋯ , ,  = 1, 2, ⋯ , .
The cost related objectives are formulated analogously. The annual operating cost should be roughly below a prespecified amount, say, . That is,
where
is the total annual operating cost,     and     are negative and positive deviations from , respectively. Furthermore, since part of the operating cost depends on the number of accidents occurred and the severity of the accidents, which can not be precisely predicted or estimated, the annual operating cost of fire station  is characterized by an uncertain variable   . Therefore, the total annual operating cost ∑       is also an uncertain variable. Similarly, we may consider the positive and negative deviations from  at a given confidence level  by introducing
where    and    are the -optimistic and -negative deviations from , respectively. It is clear that    is to be minimized in this situation. Another issue concerned in the fire station location problem is the fixed cost associated with locating a new station. To fully utilize an approved budget, say , it is wise to build fire stations as many as possible with this budget. Mathematically, it can be formulated as
where    and    are negative and positive deviations from , respectively. It is clear that
is to be minimized in order to make the full use of the budget. By now, four objectives have been considered, two of which involve uncertain variables. In this paper, they are assigned different priorities according to the relative importance of various goals. To be precise, we are going to minimize these objectives lexicographically, i.e.,
Uncertain chance-constrained goal programming
In order to handle the multi-objective optimization problem involving uncertain variables, a goal programming model with uncertain chance constraints is proposed as suggested in Liu and Chen [9] .
For the uncertain fire station location problem, the decision-maker may desire the optimization goals involving uncertain variables to hold at least at some confidence levels. In such a case, these uncertain objectives may be expressed as deterministic objectives with some uncertain chance-constrained requirements. With given confidence levels  and , the uncertain fire station location problem can be formulated as Furthermore, according to the arithmetic operational laws of independent uncertain variables in [7, 8] , we can obtain the following result. The model (13) is a mixed integer nonlinear goal programming model. Generally, solving such a model requires much computational effort. However, using some well developed software packages, for example, CPLEX, and MATLAB, it can be solved to a moderate size or even large size.
Numerical example
In this section, a numerical example of small size is presented for illustration. Assume that there are 10 candidate sites for fire stations and 10 demand sites to be served. The locations of fire stations and demand sites are shown in Figure 1 . The distances of all pairs of fire stations and demand sites are given in Table 1 . In order to meet the safety requirements, the safe distance sets to be 5. Moreover, the traveling times    from fire station  to demand site  ,  = 1, 2, ⋯ ,  ,  = 1, 2, ⋯ , , are assumed to be independent linear uncertain variables with distributions Ψ  ~ℒ (   ,    ),  = 1, 2, ⋯ , ,  = 1, 2, ⋯ , , respectively, where
The information of the parameters is given in Table 2 .
A Besides, assume that the annual operating costs   ,  = 1, 2, ⋯ , , are independent linear uncertain variables with distributions Φ ~ℒ (  ,   ) ,  = 1, 2, ⋯ ,  , respectively. The information of the parameters is given in Table 3 . The total annual operating cost targeted for all the fire stations is 850,000. The fixed cost associated with locating a fire station is 1,000,000 for each fire station, and the total approved budget of fixed cost is 5,800,000. ℒ(100,000, 115,000) ℒ(105,000, 122,000) ℒ(118,000, 125,000) ℒ(100,000, 120,000) ℒ(120,000, 130,000) ℒ(115,000, 128,000) ℒ(100,000, 125,000) ℒ(110,000, 119,000) ℒ(112,000, 125,000) ℒ(105,000, 118,000) Therefore, for given confidence levels  = 0.8 and  = 0.8 , the multi-objective goal programming model can be further transformed into For this simple example, there are 2  = 1024 possible solutions for the binary variables   ,  = 1, 2, ⋯ , 10, some of which can be easily eliminated. According to the hierarchy of the priorities, the goal programming can be solved in 4 successive phases. The results are shown in Table 4 . The final optimal locations of the fire stations are 2, 3, 4, 6, 7, 10 as illustrated in Figure 2 . 
Conclusion
As a type of emergency facility location problems, it is concerned in this paper the problem of locating fire stations effectively in the uncertain environment to guarantee the service quality under limited budgets. An uncertain multi-objective goal programming model is proposed to deal with such situations. Based on the uncertainty theory founded by Liu [6] , it may be transformed into a mixed integer nonlinear programming model and solved with the aid of some well developed optimization software packages. The method presented in this paper illustrates an alternative modeling technique when there are uncertain factors that cannot be precisely determined or statistically estimated.
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